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Fluxoid dynamics in superconducting thin film rings
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We have measured the dynamics of individual magnetic fluxoids entering and leaving photolithographically
patterned thin film rings of the underdoped high-temperature supercondug®r,®CyOg, 5, USING a
variable sample temperature scanning superconducting quantum interference device microscope. These results
can be qualitatively described using a model in which the fluxoid number changes by thermally activated
nucleation of a Pearl vortex in, and transport of the Pearl vortex across, the ring wall.
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I. INTRODUCTION rupted by Josephson weak linksand in mesoscopic rings,
with the coherence length comparable to the ring
Although fluxoid quantization in superconductors wasdimensions* We have chosen to study relatively large rings
demonstrated experimentally over 40 years hgthere has With long magnetic penetration deptlibecause they are
recently been a resurgence of interest in fluxoid dynamics istrongly underdoped with no intentional Josephson weak
a ring geometry. For example, it has been proposed that tHinks. In this case the barrier to fluxoid en'gry into thg rings
interacting dipole moments in an array of superconductinglépends on temperature dependent material properties. Thus
rings can provide a model experimental system for studyin%he fluxoid dynamics may be a probe of these properties.
magnetism in Ising antiferromagnétd. This possibility has Many quantitative details specific to phenomena related to
become particularly attractive with the developmentmof qu>§ quantization can be tre_at.ed within the Londo.n gpproach,
rings: superconducting rings with an intrinsic quantum-Which is not bound by the rigid temperature restriction of the
mechanical phase change ®fupon circling the ring, in the Ginzburg-Landau theory. The sgnallrjess of the ring with re-
absence of supercurrents or externally applied fields. Such SPECt to the Pearl lengthA =2\?/d (in the thin film limit,
phase changes can be produced either by the momenturrlﬁ_e_ London_ penetration depi®d, the_fllm_th|cknes\,3_5|m-
dependence of an unconventional superconducting orddtifies considerably the problem of a ring in an applied mag-
paramete? 2 or by magnetic interactions in the tunneling Netic field.
region of a Josephson weak link in the ritig*® 7 rings are
an ideal model system for 'the Ising antiferromagnet, sjnce Il. EXPERIMENTAL RESULTS
they have a degenerate, time-reversed ground state in the
absence of an externally applied magnetic field. Recent Our measurements were made on 300-nm-thick films of
progres&® !’ has made it possible to reliably make very largethe high-temperature superconductor ,83CaCyOg,, 5
closely packed arrays af-rings, which show strong antifer- (BSCCO, epitaxially grown on(100) SrTiO; substrates us-
romagnetic correlations in their “spin” orientations upon ing magnetron sputtering. The oxygen concentration in these
cooling in zero magnetic fielt? Superconducting ring ex- films was varied by annealing in oxygen or argon at
periments have also been propoSeand performetf?to ~ 400-450°C. The films were photolithographically patterned
test for the presence of “visons,” vortexlike topological ex- into circular rings using ion etching. The rings had outside
citations which may result from electron fractionalization in diameters of 40, 60, and §dm, with inside diameters half
the highT, cuprate superconductors. In addition, superconthe outside diameters. The film for the current measurements
ducting rings can provide a model system for the generahad a broad resistive transitiof®0% of the extrapolated
problem of second-order phase transitions in the presence abrmal-state resistance Bt=79 K, 10% atT =46 K) with a
a quenched disorder, through the study of quenched fluctuaero-resistancd, of 36 K before patterning. Such broad
tions in superconducting ringé-2?Each of these studies de- resistive transitions are characteristic of both single cry$tals
pends critically on an understanding of the fluxoid dynamicsand thin films’ of BSCCO, and may be indicative of oxygen
during the cooldown process. inhomogeneity. In this paper we will treat the rings as homo-
Thermally activated vortex dynamics in superconductorgeneous and cylindrically symmetric. This view is supported
have been studied extensivély, including in ring by two facts:(1) the superconducting quantum interference
geometries! Magnetic noise in high-temperature cuprate su-device(SQUID) images are homogeneous, at least within the
perconductors has been shown to arise from thermally actspatial resolution set by the 178m pickup loop size, at all
vated hopping of vortices between pinning sité&luxoid  temperaturegsee, e.g., Fig.)L and(2) the Pearl penetration
dynamics have been studied in superconducting rings intedepth is quite long, of the order of 1Q0m, at the tempera-
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FIG. 2. (a) DifferenceA ¢ in SQUID signal directly above the
Position(um) 80-um-diameter ring minus that with the SQUID far from the ring,
with the ring in theN=1 fluxoid state andp,=0 (solid circles;
Meissner screening signalgg with an applied induction of- 0.2
mG (diamond$; and amplitude of the telegraph noise due to switch-
ing between fluxoid states at,= ¢o/2 (squarey all as a function

of temperature(b) Expanded view of the data close to the ring
superconducting temperatufe .

FIG. 1. () Scanning SQUID microscope image of an 86+
diameter ring cooled in a magnetic induction of 6.9 mG, resulting in
a fluxoid number oN=10, and imaged in zero field &t=6 K. (b)
Cross sections through the center of the ring@dp cooled in an
induction of 0.7 mG, resulting in a fluxoid number N=1, and
imaged in zero field at temperatures®K and 30 K (dot9, and
modeling as described in the tedine). The data and fit foT  sizes were also performed, with quite comparable results.
=6 K have been offset vertically by 0.8 for clarity. The insets  The dots in Fig. b) are cross sections through the center of
at the bottom ofb) show schematics of the ring and SQUID pickup the 80um ring with a ring fluxoid number oN=1 in zero
loop geometries¢s is the flux through the SQUID pickup loop.  field at two temperatures. The solid lines are fits to the scan-

ning SQUID microscope images, taking into account the de-
tures of interest. This long penetration depth might be exiailed current distributions in the rings. Such fits are used in
pected to average out spatial inhomogeneities. Nevertheled$is paper to determine the temperature-dependent Pearl pen-
it is possible that the fluxoid transitions in our samples areetration lengthA, which is an important parameter in mod-
dominated by paths with relatively low barrier heightdtis  eling the fluxoid dynamics.
therefore remarkable that the simple model described in this Figure 2 shows the results of a number of such measure-
paper qualitatively describes our results in the presence dgfients as a function of temperature on this ring. The solid
this inhomogeneity. The critical temperatures of the ringscircles in Fig. 2a) are the differenceA ¢ between the
were slightly lower after patterning than the blanket cover-SQUID signal with the pickup loop centered over the ring
age film, presumably due to additional oxygen removal inand that with the pickup loop far from the ring, with the ring
the ion etching step. The critical temperature of the indi-in the N=1 fluxoid state. Such measurements cannot be
vidual ring being measured was determined by SQUID in-made closer than about 1 K from, because the ring
ductive measurements, as described below. The rings wesvitches to théN=0 state. The solid diamonds are measure-
magnetically imaged using a variable sample temperaturementsA ¢ with a small applied inductioB,=0.2 mG with
scanning SQUID microscop®,which scans a sample rela- the ring in theN=0 state. The squares are the change in the
tive to a SQUID with a small, well-shielded, integrated flux through the SQUID when the ring spontaneously
pickup loop(a square loop 17.&m on a side for these mea- changes fluxoid number in the telegraph noise described be-
surements the sample temperature being varied while thelow. The dashed line is a linear extrapolation of thepg
low-T, SQUID remains superconducting. (circles and squarg¢slata; the zero crossing of this line pro-

Figure Xa) shows a scanning SQUID microscope imagevides an estimate of the critical temperatiitefor this ring,
of an 80 um outside diameter ring, cooled in an induction of T.=32.5+0.2 K.

6.9 mG, which results in a vortex numbie= 10 in the ring, Our modeling of the supercurrent distributions in these
and imaged in zero field at low temperature. For consistencyings is as follows: Consider a thin film ring of thickneds
all of the measurements presented in this paper were made)x with radii a<b in the planez=0. The London equa-
on this ring. Measurements on a number of rings of all threaions for the film interior read
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wherej is the supercurrent densitgo=hc/2e is the super-
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conducting flux quantuny is the order parameter phase, and
A is the vector potential. Since the current in the ring must

be single valuedd= —N¢, wheree is the azimuth and the
integerN is the winding numbefvorticity) of the state. In-
tegratingj over the film thicknessl, we obtain
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whereg(r) is the sheet current density directed along the

azimuthe. The vector potentiah, can be written as

b r
Ayr)= L dpg(p)a,(pir,0+ 5 H, 3
where the last term represents a uniform applied fi¢loh
the z direction anda(p;r,z) is the vector potential of the
field created by a C|rcular unit current of radips*®

4 k?
a,(pir,z)= Ck\/;[(l— —) K(k?)— E(kz)}

k2::———iigf————. (4)
(p+r)%+22
Here,K(k?) andE(k?) are the complete elliptic integrals in
the notation of Ref. 40.
Substituting Eq.(3) and (4) into Eq. (2), we obtain an
integral equation fog(r):

47°A

rg(r)+mwr?H— ¢oN

2+r2

471'fbd p
A PP~

K(k3)—(p+n)EK3)|, (5

wherek§=4pr/(p+ r)2. This equation is solved by iteration !

for a given integemMN and fieldH to produce current distri-
butions which we label agy(H,r).

After gn(H,r) is found, the field outside the ring can be
calculated using Eq4):

h,(N;r,z)
_2 (b dpgn(H, p>—r2-7*
PIN( _ p) K(K2)+ r2 ZZE(kZ)
a N(pt1)2+ 2 —1)2+z
+H. (6)
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FIG. 3. (a) Calculated dependence of the SQUID difference sig-
nal A ¢4 above the ring minus that away from the ring, for the ring
intheN=1 state andb,=0, for the ring and pickup loop geometry
used in this paper, as a function of the Pearl lengtksolid line).
The dashed line shows thAtp is calculated to be nearly inversely
proportional toA. (b) Calculated dependence of the Pearl lenfgth
on temperature for the 8@m ring, assuming the linear dependence
of A ¢ on temperature indicated by the dashed line in Figsctid
line). The dashed line is proportional to £t%)~!, the expected
temperature dependence far

This value =1 um) for the low-temperature in-plane
penetration depth is at first surprising, given the observed
values of A\~0.2 um for BSCCO near optimal dopirftj.
However, one might expect the penetration depth to be larger
for our underdoped films because of their lowgr, follow-
ing the Uemura relation. ~2~T..*? Further, these films
have large normal-state resistivitips- 1200 «{) cm, mean-
ing that they are in the dirty limit, and close to the metal-
insulator transitiof The zero-temperature penetration depth
of a dirty-limit superconductor is given by\g
=(cl2m)JhplAy. Taking the BCS valuehy=1.7&kgT,,
whereT,=30 K gives\;=0.7 um. It is expected that fluc-
tuations in the superfluid density could further increase the
penetration depth in these layered superconduéfors.

To model the fluxoid dynamics data presented in this pa-
per, it is necessary to estimate the temperature-dependent
Pearl lengthA and the energy associated with supercurrent
flow in our rings. We can infer the temperature dependence
of the Pearl length from the temperature dependencedaf

The flux through the SQUID is obtained numerically by as follows. Numerical integration of E¢6) for our ring and

integrating Eq.(6) over the pickup-loop area. The lines in
Fig. 1(b) are two-parameter fits of this integration of E)
to the data, resulting iz=3.5 um, andA=7 um (corre-
sponding toA=1 um) at T=6 K, and A=54um (A
=2.8 um) atT=30 K. The fit value ofz=3.5 um is con-

SQUID pickup loop geometry as a function of the Pearl
lengthA gives the solid line in Fig. @). The calculated\ ¢

is nearly inversely proportional to\, as shown by the
dashed line in Fig. @. The linear dependence df¢g on
temperature indicated by the dashed line in Fig. 2 results in a

sistent with an estimate of this distance from our knowledge&emperature dependence of the Pearl leng{T) for this

of the tip and sample geometry.

ring indicated by the solid line in Fig.(B). Since the London
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FIG. 4. Histogram of the number of switches observed, as a A104 L
function of the externally applied flux, for a SQUID pickup loop To10% k
positioned directly above the 8dm outer diameter underdoped e
BSCCO ring aff=30.9 K. The sweep rate was 29f/s, with the :101 i
data stored in 512 bins. 10 r
100 !
penetration depthAx1/\1—t* (t=T/T.),*® A=2\%d 8-6-4-20 - 4?<
should be approximately proportional to{1%)~! as indi- ba/% s
cated by the dashed line in Fig(iB. 10° T T NT4
The fluxoid numbeN of a ring can be changed by vary- a0t LKk 5 4
ing the externally applied fluxp,= B Aq¢s, WhereB, is the T, 10% b i
externally applied magnetic induction, aAd;; is the effec- Sk .
tive area'® and can be monitored by positioning the SQUID L ?
pickup loop directly over it/ In the limit A>b, the current 180 I !

around the loop can be found by integrating E2).to obtain
Agss=(/2)(b?>—a?)/In(b/a). This result also can be ob-
tained from more detailed calculations of the system energy
E(N,H) in equilibrium? We assign an experimental value
for the effective ring area using the telegraph noise data of
Fig. 7, and assuming the peaks are spaceghyThis gives

a value of 2895.m?, in comparison with the calculated
value of 2719«m?. This discrepancy of about 6% could be
due to variations in the photolithography of the rings, or
errors in the calibration of the Helmholtz coils which apply 8. 6-4-20 2 4 6 8
the magnetic fields. We used the experimental valueAfgf b,/0,  T=31.3K
in determining the flux scales in Figs. 4, 5, and 7. At tem-
peratures sufficiently close . the fluxoid number changes

by one fluxoid at a time, as determined by the agreerttent BSCCO ring of 80xm outer diameter, witil.=32.5 K, at various

within 10%) _W'th_ our Cal,CUIat'onS fofAN|=1 of the m_ea', temperatures. The flux sweep rate was @90. The solid symbols
sured spac_:lng_ in ‘_"‘pp“ed_ flux between vort_ex S\"”tcr"r1(-:1are the experimental value. The solid and dashed lines are the pre-
events. Switching distributionB( ¢, ;) were obtained by re- gictions of the model described in the text.

peatedly sweeping the applied field, in analogy with mea-

surements of Josephson junctions switching into the voltagments from the 8Q:m ring at several temperatures. The as-
state®® An example is shown in Fig. 4. This data has ansignment of the starting fluxoid numbet in this data was
asymmetric peak shape, which results from an exponentiahade by following the transitions as they evolved with tem-
dependence of the transition rate on applied flux at low valperature from the two-state telegraph noisee Fig. 7 de-
ues of flux, combined with a sharp cutoff at high values ofscribed below.

applied flux, due to the depletion of available initial states. At temperatures sufficiently close To and applied fluxes

The asymmetry of the peaks flips polarity upon reversal oflose to a half-integer multiple o,, two-state telegraph
the sweep direction. noise was observed in the SQUID pickup loop signal when

The transition ratess of the fluxoid states were deter- the loop was placed directly above a ring. An example is

mined from such data usift shown in Fig. 6.
b The frequency of this telegraph noise oscillates with the

FIG. 5. Fluxoid transition rates for the transitiorN—N+1 vs
the externally applied fluxp, (swept towards positivep,) for a

de,/dt [ & m1 applied flux, with period ¢y, and peaks at¢,=(N
V(ham)= V'” 21 P(¢a,j)/21 P(¢ai)i. (7 +1/2)¢,, N an integer, as shown in Fig. 7.
a |= i=
I1l. DISCUSSION

wherem=1 labels the largesp, in a given switching his-
togram peak, and\ ¢, is the flux interval between data Several general observations can be made about the flux-
points. The dots in Fig. 5 show the results from such experioid dynamics observed in our experiments. First, the dynam-
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FIG. 6. Telegraph noise frequency vs time for the ring of Fig. 4 FIG. 8. Plots of the telegraph noise frequency and the fluxoid
atT=31.4 K, o= /2. transition rate, for thél=0 toN=1 transition, at an applied flux of
da= ¢ol2, as a function of temperature. The symbols are the data;
ics are nearly periodic in the applied field, with a periodthe solid line is the prediction of the model described in the text.
given by the applied field times the effective ring area; The fluxoid transition rate data was obtained by extrapolating
=(/2)(b?>—a?)/In(b/a) (see Figs. 4, 5, and)7This scaling  Straight line fits to the data of Fig. 5.
with the effective ring area has been confirmed for three
different ring sizes. required to nucleate a vortex, ai@) the kinetic and mag-
Second, the fluxoid transition rates depend exponentiallyietic energies associated with supercurrents in the ring.
on the applied flux, both for the fluxoid escape measure- The vortex energy in a straight thin film superconducting
ments of Fig. 5, and in the telegraph noise data of Fig. 7. Thétrip of widthW< A (carrying no transport supercurrgig>
latter becomes clear when this data is plotted on a log-linear
scale, as in Fig. (b). 3 2W  7x
Third, at a particular applied field, both the fluxoid escape E(x)= 82N In TEw
rates and the telegraph noise frequencies depend exponen-
tially on temperature. An example for the 80w ring is  where 0<x<W is the vortex position within the strip argl
shown in Fig. 8. is the vortex core size. The maximum vortex energyx at
We consider the mechanism for transitions between flux=W/2, is given by
oid states as a thermally activated nucleation of a vortex in,

®

and transport of this vortex across, the ring wall. The rel- ¢§ | 2W ©
T = n—-.
evant energies in the proposed process (djethe energy VT g n2A mE
(a) The energy of the ring in a state with the winding number
500 1 N is®t
+ Experiment

o~
[l
o
T
|

— Model E/(N,H)=Eg(N— ¢/ ¢o)>. (10

N
j]
o

Clearly, the prefactoE, coincides with the ring energy in
the stateN=1 in zero applied field:

(g
<
o

Noise frequency (Hz)

(]
(=1

b
EO:Er(1,0)=%fagNﬂ(O,r)dr; 1y

—
=3
sl

see Appendix.

We inferred the temperature dependence of the Pearl
length from our SQUID microscope measurements above
(see Fig. 3. Once the Pearl length is known, it is possible to
calculate the temperature dependence of the energy of our
ring. This is done by settin=1 andH =0, and integrating
the solution of Eq(5) to obtain the total supercurrent, and
the total energy in the ring from E¢ll). Figure 9a) shows
the results of such a calculation f& as a function ofA.
Figure 9b) plots E, as a function ofT for the 80xm ring.

FIG. 7. (aTelegraph noise frequency vs applied flx for the F|gure. 10 shows a S|mpl_|f|ed schematic of the energies
80-um ring atT=31.6 K. The dots are the data, the solid line is a iNvolved in the thermally activated procelis~N+1 which
fit to the model described in the texh) Replot of the data ofay on IS accomplished by a vortefor an antivortex crossing the
a log-linear scale. The dots are the data, the solid lines are fits to dif"d. The ring has an initial ring enerdy,(N), and a final
exponential dependence om,, in segmentsN¢,<#,<(N  ring energyE,(N+1). Within this simple scheme, the en-
+1/2)¢py and N+ 1/2)pp< pa<Neg, N an integer. ergy barrier for the process is

Noise frequency (sec™")
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(a) 015 lution (given the London approximationsan be derived for
‘ E, and the potential barriers for Pearl vortices in thin film
rings® However, this does not change the physical picture
and does not seem justifiable in the current work, given the
2010 - h .
& unavoidably approximate nature of the thermal activation
o part of our model which follows.
\20 05 b We further simplify the model by considering only tran-
L sitions between the ground state and the first excited state as
in the case of a two-level system. For the two-level system,
0.00 ‘ , , the random telegraph noise frequengy:Pq/7,=P,/7y,
O 100 200 300 400 whereP, , are probabilities to find the system in the states 1,
Agem) 2 andry , are the lifetimes. SincB;+ P,=1, we readily get
®) 0.15 ———— Py o= 110/ (714 75),% and
- (13
Toaot - St
CT; If the system is in the ground stalk& the closest state of
= a higher energy depends on the applied field. Using(IEg).
005 T it is easy to verify that foN— 1/2< ¢,/ $o<N, the closest
state isSN—1, whereas foN< ¢,/ dpo<N+ 1/2, the first ex-
N\ cited state iN+ 1. We begin with the latter possibility. The

0.00 —
28 29 30 31 32 33 34

T(K)
FIG. 9. (a) Calculated dependence of the total energy of our
80-um outer diameter ring foN=1, H=0 on the Pearl lengti.
(b) Calculated temperature dependence of the total energy for
=1, H=0, using the calculated temperature dependeiscdid
line) of A from Fig. 3.

rate of the transitiodN—N+1 is

TIG,JI-\lJrl:VO(e_UU(N'N_Fl)_'—e_UaU(N’N+1))v (14)

since the transition can be accomplished by both vortices and
antivortices. Herepq is an attempt frequency), andU,,
denote corresponding barriers divided kyT for vortices

and antivorticegfor brevity the argumen,/ ¢, of theU’s

is omitted. This expression can be easily factorized with the

o E,(N+1)+E,(N) help of an identitye*+ e¥=2 coski(x—Yy)/2]exd (x+Y)/2]:
AE=E,~uH+ 2 ~EN) ORIE,FEo(N=d/ bt 12VT}
TNN+1— ,
E.(N+1)—E,(N) 2vocosi uH/T) |
=E,FuH+ 5 where EQ.(12) has been used and for brevity we det
=1. Similarly we obtain
=E,F uH+Eo(N— ¢,/ pg+1/2), (12 expl[E, — Eo(N— b/ ot 1/2)J/T}
Here, we have used EL0); the upper(lowen sign is for TNHINT (16)
) . . . 2vocosiuH/T)
a vortex (antivortey since the corresponding energy is )
—p-H. Now Eq. (13) yields
It should be noted that the model we consider here is by
) oY ; B COSiuH/T)
no means exact. It disregards an intricate interplay between v=vge /T a7

vortex currents and those flowing in the ring in a certain COSHEQ(N= ¢a/ ot 1/2)/T]
guantum stateN (the currents in the ring are not a simple The same calculation for the applied figt-1/2<¢,/¢q
superposition of vortex currents and those in the absence ofaN gives
vortex—even within a linear London approach—because a
vortex causes the vorticitil to depend on the vortex posi-
tion). For this reason, there is no point—within our
model—to calculate “exactly” the magnetic momeat in-
stead, we consider it to be a fitting parameter. An exact so- The factors 1/coglEy(N— ¢./po=1/2)/T] oscillate with
the periodA ¢,/ po=1 because in the ground state the num-
berN is the closest integer to the value &f/¢,. The noise
frequencyv(¢,/ ¢o) has maxima because of the degeneracy
of two energy levels at,/ po=N=1/2. Clearly, the peaks
of v(¢,/dg) become sharper when the parameigf T in-
creases.

FIG. 10. Schematic energy-level diagram for the thermally ac- The numerator cospf/T) provides an increase of the
tivated vortex transport mechanism for fluxoid jumps proposed inmaxima with increasing applied field. Physically, this hap-
this paper. pens because the vortex magnetic moment reduces the en-

cosiuH/T)
COSHEo(N— ¢,/ po—1/2)/T]"

v=rpoe E/T

(18
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ergy barrier byuH. If uH/T<1, the maxima increase qua- Somewhat better agreement with experiméhie dashed
dratically with field: cosh¢H/T)~1+u?H%2T2. This is, in  lines in Fig. 9 is obtained ifE, is taken to have the tem-
fact, the case for our data. One does not expédi,/ ) to  perature independent value obtained from the fit to telegraph
increase without a limit: at a certain applied field, the barriemoise data of Fig. 7, withE,(T)=E,(T=0)(1—t% as be-
for the vortex entry splits in two and the vortex can stay in afore.
metastable equilibrium at the ring. Our model does not hold We can speculate on some of the sources of the differ-
for such fields. ences between the predictions of our model and experiment.
The solid line in Fig. 7 shows a fit of EqEL7) and(18) to First, the model does not take into account interactions be-
the experimental data. The best fit parameters wgrel.1  tween the bulk vortex and the supercurrents. As discussed
x10f s, E,=6.03<10 * erg, E,=4.98x 10 *erg, and above, we have also implicitly assumed that the rings are
©w=1.93x10 Berg/G. From Fig. @) we read A(T  spatially homogeneous, with a sharp superconducting transi-
=31.6 K)=240 um. Taking ¢=3.24/1—t nm>® and W tion temperature. The resistive transitions are in fact quite
=20 um, we calculate using Eq9) E,=1.46X 10 Berg, broad. This broadening could be a source of the apparently
a factor of 2.4 larger than the value extracted from the fit. Aseduced temperature dependenceEgfand reduced vortex
discussed above, sample inhomogeneities or surfadeucleation energy that we observe. Finally, spatial inhomo-
defects* could reduce the barrier to entry of vortices in geneities could reduce the effective width of the rings.
type-ll superconductors. From Fig. 9b we re&g=2.2 In summary then, we have measured single fluxoid tran-
x 10" 14 erg, smaller than the value obtained from the fit bysitions and two-state telegraph noise in superconducting thin
a factor of 2.3. Therefore, our model provides a good defilm rings as a function of applied magnetic field and tem-
scription of the magnetic-field dependence of the telegraplerature at temperatures closeTg. The long penetration
noise at a fixed temperature, using values for the vortegepths in the underdoped cuprate films used allowed mea-
nucleation energf, and the ring supercurrent energy coef- surements over a relatively broad temperature range. The
ficient E, that are within approximately factors of 2 of values measurements are generally consistent with a model in
calculated from experimenta| measurements on the Sam@hiCh the fluxoid transitions are mediated by thermally acti-
ring. vated nucleation of a bulk vortex in, and transport of the
Note that our estimate of the attempt frequency is veryortex across, the ring wall. We presented a model which
sensitive to the value of the coherence lengtindeed, the qualitatively explains some of the features of the data, but

factor exp(-E, /T) combined withE, of Eq. (9) yields other features remain puzzling.
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